2 ; elav-GAL4/ϩ embryo. In the absence of Slit, overexpression of robo2 no longer prevents axons from entering the midline, and the entire axon scaffold collapses to the midline just as it does in slit mutants. (D and E) (D) elav-GAL4/2xUAS-robo2 and (E) elav-GAL4/2xUAS-robo3. High levels of either robo2 or robo3 expression provided by two copies of a UAS transgene also prevent commissure formation.
In the absence of Comm, commissural growth cones Hummel et al., 1999a). To facilitate such gain-of-function genetic screens, Rørth and colleagues have generated express high levels of Robo from the start and so are unable to cross the midline. Conversely, overexpression a set of 2300 random insertions of a P element transposon, the EP element, that places any 3Ј flanking gene of Comm reduces Robo levels and so mimics either the robo mutant phenotype (at moderate levels of overexunder the control of the GAL4 transcriptional activator (Rørth et al., 1998) . We screened these EP lines for pression; Kidd et al., 1998b) or the slit mutant phenotype (at high levels; Kidd et al., 1999) . midline guidance defects using the slit-GAL4 driver to force strong expression of any flanking gene in midline The identification of two additional Robo receptors expressed on CNS axons raises the question of whether cells and the 1407-GAL4 driver to force expression in neurons. We identified one insertion, EP2582, that, when they too are subject to such tight spatial regulation, and if so, whether this control is exerted by Comm. We show combined with either 1407-GAL4 or another neuronal driver, elav-GAL4, results in a severe reduction or the here that, as for Robo, so too Robo2 and Robo3 levels are actively kept low on commissures. We also show complete absence of commissures in most segments ( Figure 1B) . that, when overexpressed at high levels, Comm downregulates not only Robo but also Robo2 and Robo3.
That fewer axons cross the midline in these embryos might be due either to a loss of commissural neurons This accounts for the slit-like phenotype that results. Surprisingly, however, there are strong indications that or to a misrouting of commissural axons. Using a variety of neuronal cell fate markers, we were unable to detect the endogenous Comm protein may not be required to keep Robo2 and Robo3 levels low on commissures. We any cell fate changes in the ventral nerve cord of elav-GAL4, EP2582 embryos. In particular, the commissural therefore propose that, just as the three Robos have both distinct and overlapping functions in controlling neurons stained with Even-skipped and Engrailed antibodies are present in their normal positions. We therepathway choices within the CNS, their protein levels might also be regulated by distinct (but possibly also fore conclude that, in elav-GAL4, EP2582 embryos, commissural neurons are formed but are unable to extend overlapping) mechanisms.
axons toward or across the midline. This misrouting of commissural axons requires the midline repellent Slit: Results in a slit mutant background, forced expression of the gene flanking EP2582 is no longer able to prevent axons A Gain-of-Function Genetic Screen for Midline Crossing Defects from entering the midline, and the entire axon scaffold collapses onto the midline just as it normally does in slit Axonal growth cones navigate by constantly assessing the relative balance of multiple attractive and repulsive mutants ( Figure 1C ). guidance cues (Tessier-Lavigne and Goodman, 1996; Winberg et al., 1998). This is borne out by the many Overexpression of Robo2 or Robo3 Prevents Midline Crossing reported instances in which the loss of a single cue has only a minor effect on pathway choices, while ectopic To determine the identity of the gene placed under GAL4 control in the EP2582 line, we isolated genomic DNA or increased levels of the same signal dramatically alter axonal trajectories. We therefore decided that a gainflanking the insertion site. Sequence analysis revealed that the EP2582 element was inserted in the 5Ј untransof-function approach might reveal important components of the midline crossing decision that had escaped lated region of the robo2 gene. The further molecular characterization of robo2 and the closely linked robo3 detection in the extensive loss-of-function screens that had previously been performed (Seeger et al., 1993; gene, as well as the isolation of loss of function muta-tions in both genes, is reported in the companion paper (Rajagopalan et al., 2000) . We were at first surprised that overexpression of robo2 from the EP2582 insertion prevents axons from crossing the midline, as Kidd et al. (1998a) had previously reported that overexpression of robo from a UAS transgene does not. However, it is important to note that the EP element drives expression of the endogenous gene from a promoter containing 14 GAL4 binding sites, while the UAS transgene drives expression of a cDNA from a promoter containing only five GAL4 binding sites. The experiments therefore cannot be directly compared. When we generated similar UAS transgenes for robo2 and robo3, we found that, just like UAS-robo, they too fail to prevent commissure formation when expressed as single copy transgenes together with the elav-GAL4 driver. However, two copies of either the UAS-robo2 or UAS-robo3 transgenes are sufficient to prevent axons from crossing the midline ( Figures 1D  and 1E ), as Kidd et al. (1999) have since shown to be the case also for UAS-robo. Thus, all three Robos, when overexpressed under identical conditions, are similarly potent in preventing midline crossing.
Robo2 Is Expressed on Pioneer Growth Cones
These gain-of-function experiments demonstrate that both Robo2 and Robo3 can respond to the short-range repulsive signal provided by Slit at the midline. Furthermore, both Robo2 and Robo3 are expressed on CNS growth cones and bind to Slit (Rajagopalan et al., 2000) . Both Robo2 and Robo3 are therefore both strong candidates to mediate some of the growth cone responses to Slit at the midline. In particular, we wondered whether Robo2 or Robo3 might account for some of the differences in growth cone behavior between slit and robo mutants. The clearest examples of this are the pCC and aCC growth cones. In wild-type embryos, the pCC growth cone pioneers an ipsilateral pathway close to the midline and the aCC motorneuron projects laterally away from the midline to pioneer the intersegmental nerve. In robo mutants, the pCC growth cone is redi- behaviors of the pCC and aCC growth cones in slit versus robo mutants indicate that they can respond to Slit using some receptor other than Robo. We were therefore line and the pCC and aCC growth cones are pioneering their respective longitudinal and motor pathways. Robo2 interested in determining whether Robo2 and/or Robo3 is expressed on the pCC and aCC growth cones. expression at this stage is largely coincident with Robo, being absent on the commissural pioneers but exLate stage 12 and early stage 13 embryos were stained for Robo2 or Robo3 and counterstained with pressed at high levels on growth cones pioneering the ipsilateral pathways (Figure 2A and along the midline in every segment ( Figure 3B ; Table  1 ; Seeger et al., 1993). The second and third fascicles The Projections of pCC and aCC Are Normal in robo2 and robo3 Mutants lie closer to the midline, and occasionally some of these axons also venture across it. At this stage, with many These expression patterns suggested that Robo2 rather than Robo3 might mediate some of the Robo-indepenmore ipsilaterally projecting axons to examine, we could now detect a low level of aberrant midline crossing in dent responses to Slit in the pCC and aCC growth cones. In addition, it seemed likely that both Robo2 and Robo3 both robo2 and robo3 mutants: Fas II-positive bundles extended across the midline in ‫%52ف‬ of segments exmight function in other longitudinal growth cones to keep them away from the midline. amined in robo2 mutants and in 7% of segments in robo3 mutants (Figures 3C and 3D ; Table 1 ). These misTo test these possibilities, we first examined the projections of the pCC and aCC axons in robo2 and robo3 routed axon bundles are not only less frequent but also generally much thinner than those observed in robo mutants in late stage 12 and early stage 13 embryos using the 1D4 marker. At this stage in slit mutants, stainmutants (Table 1) . Their passage across the midline is also far more fleeting: axons labeled by 1D4 casually ing with 1D4 captures the pCC and aCC growth cones as they set off on their aberrant projections toward the meander across and along the midline in robo mutants, but in robo2 and robo3 mutants the few misrouted axons midline . In over 100 hemisegments of stage 12 and 13 robo2 and robo3 embryos stained with take a direct route straight across the midline. The low frequency of these crossing errors makes 1D4, we did not observe a single pCC or aCC growth cone straying from its normal pathway. These results them difficult to detect at the level of single identified neurons. We therefore cannot determine whether the provided the first indication that there may be some functional redundancy among the Robo receptors, an axons that stray across the midline in robo2 and robo3 mutants are ipsilateral axons that cross or commissural issue to which we will return shortly.
axons that recross. Most likely both types of error occur in these mutants, just as they do in robo mutants.
Midline Crossing Errors in robo2 and robo3 Mutants
We also used a panel of specific neuronal markers to examine cell fate specification in the ventral nerve cords Although we could not detect any midline crossing defects by these pioneer axons at early stages, staining of both robo2 and robo3 mutant embryos (see Experimental Procedures). All markers examined showed the with 1D4 did reveal a low frequency of crossing errors at later stages in both robo2 and robo3 mutant embryos.
wild-type staining pattern. Importantly, Slit and both of the remaining Robo receptors are expressed at normal In stage 16-17 embryos, 1D4 labels three longitudinal fascicles on each side of the midline ( Figure 3A) . The levels in robo2 and robo3 embryos. Not only axonal growth cones but also muscle precurIn slit mutants, axons linger at the midline, whereas in sors rely on Slit to repel them away from the midline. each of the robo, robo2, and robo3 single mutants those Following gastrulation, myoblasts migrate away from axons that enter the midline-whether appropriately or the ventral midline over the dorsal surface of the CNS. not-continue across to the contralateral side. As there Some of the ventral muscles later extend back toward is no other known Slit receptor encoded in the Drosophthe midline to attach themselves to the ventral body wall ila genome, we suspected that two or perhaps all three beneath the developing CNS, still some distance from Robo receptors may share the responsibility of forcing the midline. In slit mutant embryos, many muscles commissural axons through the midline. To test this, stretch abnormally across the dorsal surface of the CNS we generated both robo,robo2 and robo,robo3 double ( Figure 4D 
the CNS (arrows in [D] and [H]). Some muscles do still attach beneath the CNS, though much closer to the midline than usual (arrowheads indicate such attachments below the focal plane in [D] and [H]). In robo,robo3 mutants, as in robo single mutants, ventral muscles only very rarely stretch across the dorsal CNS, attaching themselves instead correctly beneath the CNS though often somewhat closer to the midline than usual (arrowhead in [L]). Note that (L) is focused on the ventral body wall while (D) and (H) are focused on the dorsal CNS.
would be the case was largely anticipated by the fact mimicked in turn by loss of both Robo and Robo2. To test this prediction, we examined Robo2 and Robo3 that overexpression of Comm at high levels throughout the CNS results in a phenotype identical to that of slit levels in such Comm overexpression embryos. As expected, not only Robo staining but also Robo2 and mutants (Kidd et al., 1999) , which we have found to be In a final experiment, we asked if the lack of commissures in the comm mutant might be due not only to removed. Indeed, too many axons cross and recross the midline in robo;comm double mutants just as they elevated Robo levels but also to elevated Robo2 levels. If so, one might expect to find a significant number do in robo single mutants ( Figure 7D; Seeger et al., 1993) . We therefore examined Robo2 and Robo3 expression of axons crossing the midline in robo2;comm double mutant embryos. This is not the case. When stained in robo;comm double mutant embryos. Despite the ex- , and an ipsilateral motorneuron (red). These neurons are exemplified by pCC, SP1, and aCC, respectively, although these specific neurons have not been examined in each case. In wild-type embryos, the axons of ipsilateral interneurons never cross the midline, while the axons of commissural interneurons cross only once. Ipsilateral motorneurons project their axons away from the midline and out of the CNS. In robo2 and robo3 mutants, some axons that should avoid the midline instead project across it. These defects are rare in robo2 mutants and rarer still in robo3 mutants, making them difficult to detect for single neurons. In robo mutants, these midline crossing errors are far more frequent. At a very low frequency, ipsilateral motoraxons also project across the midline. In a robo mutant background, additional loss of robo3 is without phenotypic consequence (since it only acts to ensure the fidelity of the response to Robo), nor does loss of comm function (since it is only required to downregulate Robo). In both slit and robo,robo2 mutants, both ipsilateral and commissural interneurons grow toward and then linger at the midline. Ipsilateral motoraxon axons also often project toward the midline, usually continuing across it to exit the CNS on the opposite side. Additional loss of comm function does not alter the phenotype of these mutants. In comm mutants, no axons cross the midline. This is due to the action of Robo, not Robo2, and so the comm phenotype is unaltered when robo2 function is also removed.
and overlapping functions for the three receptors (Figcrossing. For example, the pCC growth cone expresses both Robo and Robo2. In a robo mutant, Robo2 alone ure 8).
Midline crossing errors occur in all three single muis not able to keep the pCC growth cone from entering the midline but is sufficient to drive it through the midline. tants and so all three Robo receptors have important functions in keeping longitudinal axons out of the midHow might this be explained? One possibility would be that Robo2 is a specialized line. However, these crossing defects are far less frequent in robo2 than in robo mutants and rarer still in antilinger receptor that issues a qualitatively different signal from Robo: a "get out" rather than a "keep out" robo3 mutants. The decision to cross or not to cross the midline is therefore controlled primarily by Robo, signal. In controlling lateral positioning, Robo2 does indeed transduce a qualitatively different signal from Robo but Robo2 and Robo3 are also required to ensure the fidelity of this decision. In both the robo and robo2 single ( 1993), though as the behavior of the pCC axons in slit One puzzling conclusion that we draw from these studand robo,robo2 mutants demonstrates, fasciculation ies is that, in the absence of Robo, low levels of Robo2 with the contralateral homolog is not in itself sufficient. are sufficient to prevent commissural axons from lingerAnother and perhaps more likely possibility is suggested ing at the midline but not to prevent either ipsilateral axons from crossing nor commissural axons from reby experiments in rodents, demonstrating a loss of sen- guidance decisions at the midline. A short-range repulNaturally, we wondered whether Robo2 and Robo3 sive mechanism that originally evolved to control guidmight also be regulated by Comm. They too are low ance at the midline has thus more recently been coopted where Comm is high, and vice versa. We therefore first as a long-range mechanism to regulate lateral positionasked whether high levels of Comm would also downing. It would be interesting to examine the expression regulate Robo2 and Robo3. This proved to be the case.
of Slit and Robo in the most primitive nervous systems However, this does not necessarily mean that the enand to try to reconstruct the steps that led to the recent dogenous Comm protein is responsible for keeping diversification of the Robo family in Drosophila. Such Robo2 and Robo3 levels low on commissures. Indeed, studies might reveal some of the key events during nerand to our surprise, it seems that Comm may not be vous system evolution. required to regulate Robo2 and Robo3. The evidence for this is as follows: first, in robo;comm double mutant Experimental Procedures embryos, in which many axons cross and recross the midline despite the loss of comm function, both Robo2
The initial screen of the EP collection was performed using a slitand Robo3 are still restricted to longitudinal axon seg- 
